1. Introduction {#s0005}
===============

Schizophrenia is a serious and debilitating mental disorder with a lifetime prevalence rate of about 1%. Its heritability has been estimated to be about 81% ([@bb0200]). Recent whole genome-wide association studies of schizophrenia have suggested many risk genetic polymorphisms. Among them, rs1344706 (A/C) in the gene of zinc finger protein 804A (*ZNF804A*) was the first SNP that reached genome-wide significance level ([@bb0165]). Our recent study also found a significant association between the same SNP and schizophrenia ([@bb0245]). To identify the neural systems linked to this SNP, multiple fMRI studies using working memory tasks (e.g., the N-back task) have been reported ([@bb0060], [@bb0170], [@bb0180], [@bb0245]). Although these studies did not find significant genotype effects on regional brain activation, they consistently found significant genotype effects on functional connectivity seeded from the right dorsolateral prefrontal cortex (*r*DLPFC) to the left hippocampus formation (*l*HF). Our recent study reconstructed the fiberic and accordant functional subconnections between the *r*DLPFC and the *l*HF (with anterior cingulate cortex (ACC) and posterior cingulate cortex/precuneus (PCC/PCU) as the intervening nodes) and found a significant association between rs1344706 and PCC/PCU -*l*HF connection ([@bb0245]).

One limitation of the previous functional connectivity studies ([@bb0060], [@bb0170], [@bb0180], [@bb0245]) is that they relied on a priori selection of seeds. No study thus far has examined the role of this SNP in the entire functional connectome, perhaps because it was only recently when the development of computational neuroimaging made it possible to examine the whole-brain voxel-wise functional connectome during the resting state ([@bb0025], [@bb0045], [@bb0135], [@bb0260]). Instead of using seeds, the new approach computes degree centrality (a measure of network in graph theory) of a specific grey matter voxel based on the total correlations of its time series with those of the rest of the network. Brain regions with high degree centrality are deemed to be the hubs that play central roles in functional integrity of the whole-brain network ([@bb0040], [@bb0045], [@bb0080], [@bb0135], [@bb0185]).

In the current study, we used the whole-brain connectome approach to identify key brain regions within the brain network that were linked to rs1344706. The final sample included 52 schizophrenia patients and 128 healthy controls who were scanned using fMRI during the resting state. We hypothesized that the PCC/PCU may be one of the key brain regions linked to rs1344706 due to four reasons: (1) The PCC/PCU is an important brain hub in the human brain with high connectivities with other brain areas ([@bb0025], [@bb0035], [@bb0110]); (2) Perhaps due at least partially to such connectivities, cerebral blood flow and metabolic rate of the PCC/PCU are 40% greater than average ([@bb0175]); (3) Altered degree centrality of the PCC/PCU has been found in schizophrenia ([@bb0080], [@bb0140], [@bb0215], [@bb0210]) and has been associated with some symptoms of schizophrenia such as hallucination ([@bb0140]); and (4) Our recent study as mentioned above found a significant role of rs1344706 in functional connection of the PCC/PCU ([@bb0245]).

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

The initial sample consisted of 55 schizophrenia patients and 137 healthy controls. Due to their excessive head motion (\> 3° or 3 mm) and failure of registration (due to low quality of T1 images), 3 patients and 9 healthy controls were excluded. Due to the small number of the minor-allele homozygotes (10 patients and 28 controls), we combined the CC genotype with the CA genotype as the non-risk allele carriers. The final data analysis included 52 schizophrenia patients (34 CA/CC and 18 AA) and 128 healthy controls (96 CA/CC and 32 AA). The patients were recruited from the inpatients of the Beijing Anding Hospital. All patients fulfilled the DSM-IV criteria for schizophrenia according to the diagnostic consensus of two experienced psychiatrists based on structured interview (SCID). The positive and negative syndrome scale (PANSS) was used to assess each patient\'s positive (SAPS) and negative (SANS) symptoms. The mean scores of the SAPS and SANS are shown in [Table 1](#t0005){ref-type="table"}. All patients were treated with stable doses of atypical antipsychotics for \> 2 weeks. Antipsychotic drugs included clozapine (5 patients), olanzapine (13 patients), risperidone (22 patients), aripiprazole (6 patients), and haloperidol (6 patients). No antidepressants were involved. Patients took 2.5--5 mg diazepam occasionally for their insomnia. However, patients were asked not to take diazepam or other benzodiazepines on the night before the scan. If they did, their appointments for fMRI scans were canceled. Exclusion criteria for the patients included a history of other psychiatric disorders and severe brain injury (any closed or open injuries that may be related to current symptoms or cognitive functions), current substance abuse, and currently having acute psychotic episodes. The healthy controls were recruited from the same geographical region as the patients by advertisement and received unstructured clinical interview by experienced psychiatrists to screen for any personal or family history of psychiatric disorders. Most healthy controls were involved in our previous studies ([@bb0240], [@bb0245]). All patients and controls had normal or corrected-to-normal vision and were right-handed as assessed by the Edinburgh handedness inventory. None of the patients and controls reported any history of hard drug use (e.g., cocaine, crack, heroin, methamphetamine, etc.). Additional demographic and clinical information for both patients and controls is shown in [Table 1](#t0005){ref-type="table"}.Table 1Demographics and clinical characteristics of the participants.Table 1SCZHealthy controlTotalMean ± SD*F* or *χ*^*2*^*P*Mean ± SD*F* or *χ*^*2*^*P*Mean ± SD*F* or *χ*^*2*^***P***AACA/CCAACA/CCAACA/CCAge (years)27.44 ± 6.8128.24 ± 8.780.110.7426.84 ± 4.5727.20 ± 6.110.910.7627.06 ± 5.4227.47 ± 6.880.140.71Gender (male/female)18 (15/3)34 (30/4)0.240.6832 (25/7)96 (74/22)0.021.0050 (40/10)130 (104/26)0.001.00Education (years)12.44 ± 2.8513.00 ± 3.190.380.5413.62 ± 2.6412.59 ± 3.192.720.1013.20 ± 2.7512.70 ± 3.180.960.33PANSS positive score19.33 ± 11.1217.91 ± 10.280.210.65NANANANANANANANAPANSS negative score16.28 ± 10.4917.62 ± 9.960.210.65NANANANANANANANAPANSS total score62.89 ± 38.8868.35 ± 33.990.280.60NANANANANANANANANumber of episodes2.72 ± 1.562.85 ± 1.510.090.76NANANANANANANANAAge of onset (years)20.88 ± 3.9921.74 ± 4.480.460.49NANANANANANANANAIllness duration (months)72.66 ± 59.1470.28 ± 71.290.020.90NANANANANANANANAMedication dosage (mg/day)[a](#tf0005){ref-type="table-fn"}310.72 ± 273.52224.88 ± 172.531.920.17NANANANANANANANA[^1]

This study\'s protocol was reviewed and approved by the Institutional Review Board of the Institute of Cognitive Neuroscience and Learning at Beijing Normal University. This study was conducted in accordance with the approved protocol. All participants were Han Chinese and gave written informed consent for this study.

2.2. Genotyping {#s0020}
---------------

Genomic DNA was extracted using the standard method. The SNP rs1344706 was genotyped using TaqMan allele-specific assays on the 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, U.S.A.). The sample success rate was 100%. The reproducibility of the genotyping was 100% based on a duplicate analysis of 40% of the genotypes.

2.3. Imaging data acquisition {#s0025}
-----------------------------

All imaging data were acquired at the Brain Imaging Center of Beijing Normal University. All participants were scanned on a Siemens 3 T scanner (Siemens, Erlangen, Germany) with their head snugly fixed with straps and foam pads to restrict head movement. Resting-state images (240 volumes) were acquired first, followed by the T1 scan. During the resting-state fMRI data collection (lasting about 8 min), all subjects were required to keep their eyes closed, to stay still but relaxed, and not to think of anything in particular and not to fall asleep.

The resting-state images were collected axially using echo-planar imaging (EPI) sequence: repetition time (TR) = 2000 ms; echo time (TE) = 30 ms; flip angle (FA) = 90°; field of view (FOV) = 200 × 200 mm^2^; matrix size = 64 × 64; axial slices = 31; 4.0 mm slice thickness without gap; voxel size = 3.125 × 3.125 × 4.0 mm^3^. Structural images were acquired using a T1-weighted sagittal 3D magnetization-prepared rapid gradient echo (MPRAGE) sequence: TR = 2530 ms; TE = 3.45 ms; FA = 7^o^; FOV = 256 × 256 mm^2^; matrix size = 256 × 256; slices = 176; thickness = 1.0 mm; voxel size = 1 × 1 × 1 mm^3^.

2.4. fMRI data preprocessing {#s0030}
----------------------------

Functional imaging data were preprocessed and analyzed using Statistical Parametric Mapping (SPM12, Wellcome Department of Cognitive Neurology, London, UK). Preprocessing of resting-state fMRI data included slice timing (to correct the acquisition time differences between slices), realignment (participants with \> 3 mm maximum displacement in any of the x, y, z directions or \> 3° of angular rotation about any axis were excluded), normalization to the MNI space (each participant\'s T1-weighted images were first coregistered to the mean functional image after head motion correction and then segmented into white matter, grey matter, and cerebrospinal fluid, and generated segmentation parameters were then used to normalize functional images to the MNI standard space), resampling to voxel size 3 × 3 × 3 mm^3^, spatial smoothing with a 4-mm full width at half maximum (FWHM) Gaussian kernel, and removal of linear trends and temporal filter (0.01--0.1 Hz, to reduce low-frequency drifts and high-frequency physiological noise). To further reduce the effects of confounding factors, 6 head motion parameters and white matter and cerebrospinal fluid signals were included as covariates. The global mean signal was not included as a covariate ([@bb0075], [@bb0085], [@bb0155], [@bb0190], [@bb0140], [@bb0215]).

2.5. Degree centrality analysis {#s0035}
-------------------------------

Degree centrality (whole-range) is a measure in graph theory that estimates the total connectivity between a voxel and the rest of the brain ([@bb0025], [@bb0045], [@bb0260]). It has often been used to identify the hub regions of the brain network ([@bb0045], [@bb0080], [@bb0135], [@bb0185]). Specifically, Pearson\'s correlation coefficients were computed in all possible pairs of voxels, which resulted in a whole-brain functional connectivity matrix. This step was restricted to a predefined grey matter mask that was the same as in previous studies ([@bb0250], [@bb0260]). For a given voxel, its degree centrality was calculated using the following equation ([@bb0025], [@bb0260]):$$\mathit{DC}\left( i \right) = \sum\limits_{j = 1,j \neq i}^{N_{\mathit{voxels}}}r_{\mathit{ij}},r_{\mathit{ij}} > r_{o}$$where r~ij~ was Pearson\'s correlation coefficient between voxel i and voxel j, and r~0~ was a correlation threshold that was used to eliminate possible spurious correlations arising from noise. In the current study, r~0~ = 0.2. It is worth noting that different correlation thresholds did not change the connection pattern significantly, which is consistent with previous reports ([@bb0045], [@bb0080], [@bb0135]). A degree centrality map for each individual was produced and then standardized to a z-score map ([@bb0025], [@bb0235], [@bb0255], [@bb0260]).

Degree centrality can be affected by connectivity distance between regions. Therefore, for further analysis, we subdivided the connections and associated degree centrality between all possible pairs of voxels into long-range (\> 75 mm) and short-range (\< 75 mm) according to their anatomical distance ([@bb0005], [@bb0100], [@bb0135]) by using the GRaph thEoreTical Network Analysis (GRETNA) toolbox ([@bb0220]).

2.6. Statistical analysis {#s0040}
-------------------------

We did full factorial two-way ANOVA across the whole brain to test the genotype effect, the diagnosis effect, and their interaction, with genotype (AA vs. CA/CC) and diagnosis (schizophrenia vs. controls) as fixed factors. If significant main effects of genotype or significant interaction effects of genotype × diagnosis were found, genotype effects were further explored using two-sample *t*-test across the whole brain in the patients and controls separately. To correct for multiple comparisons, significance was determined using a voxel-level threshold of *P* \< 0.001 and cluster-level family-wise error (FWE) corrected *P* \< 0.05.

3. Results {#s0045}
==========

No deviation from Hardy--Weinberg equilibrium was found for rs1344706 (*P* \> 0.05). As shown in [Table 1](#t0005){ref-type="table"}, there were no significant differences between genotypes in their demographic factors.

The whole-brain analysis of the whole-range degree centrality network revealed no significant genotype effects, but a significant interaction effect of genotype × diagnosis within the PCU (cluster size = 52 voxels, peak voxel MNI coordinates: x = 9, y = − 69, z = 63, *F* = 32.57, FWE corrected *P* \< 0.001) (see [Fig. 1](#f0005){ref-type="fig"}A). We then did the whole-brain analysis for the genotype effect in patients and healthy controls separately and only found a significant genotype effect in patients, at the PCU with the same peak (cluster size = 27 voxels, *T* = 5.35, FWE corrected *P* = 0.042, see [Fig. 1](#f0005){ref-type="fig"}B and Supplementary Fig. S2A). The patients who were risk allele homozygotes showed significantly increased degree centrality as compared to risk allele non-carriers. No significant result was found in healthy controls (FWE corrected *P* \> 0.05) although its sample size was three times as large as that of patients. It needs to be mentioned that, the main effect of diagnosis within the PCU was also significant with patients showing higher degree centrality (cluster size = 29 voxels, peak voxel MNI coordinates: x = − 3, y = − 66, z = 33, *F* = 17.55, FWE corrected *P* = 0.029) than healthy controls (see Supplementary Fig. S1), which was consistent with previous reports ([@bb0080], [@bb0140], [@bb0215]).Fig. 1Full factorial ANOVA across the whole-brain whole-range degree centrality network showed a significant interaction effect of genotype × diagnosis at the PCU (Panel A, the maximal peak voxel MNI coordinates: x, y, z = \[9--69 63\]). Further analysis found that the interaction effect was limited to short-range connections (Panel C). Separate analyses for patients and controls found that these effects were specific to patients (Panel B for whole-range, Panel D for short-range).Fig. 1

Because distance is one of the major potential confounds when studying functional connectivity, we further subdivided the degree centrality network into long- and short-range connections. The whole-brain analysis found significant results only for short-range connections, with a significant interaction effect of genotype × diagnosis at the PCU with the same peak as above (cluster size = 72 voxels, *F* = 37.29, FWE corrected *P* \< 0.001) (see [Fig. 1](#f0005){ref-type="fig"}C). Separate analyses for patients and controls confirmed that the genotype effect was limited to patients, within the PCU at the same peak (cluster size = 66 voxels, *T* = 5.68, FWE corrected *P* \< 0.001, see [Fig. 1](#f0005){ref-type="fig"}D and Supplementary Fig. S2B). The patients who were risk allele homozygotes showed significantly increased short-range degree centrality. No significant result was found in healthy controls (FWE corrected *P* \> 0.05).

4. Discussion {#s0050}
=============

This study was the first to report the effect of *ZNF804A* rs1344706 on the property of the whole-brain network. Using the case-control design, we found a significant interaction of rs1344706 genotype × diagnosis on the functional connectivity of the PCU (specifically, short-range degree centrality), indicating a diverging effect of rs1344706 in schizophrenia patients and healthy controls.

The interaction effect of rs1344706 genotype × diagnosis may be one of the most consistent results in previous studies. In addition to this study, there were at least 10 other studies that also used the case-control design to test the effect of rs1344706, 8 of which found significant interaction effects of rs1344706 genotype × diagnosis ([@bb0050], [@bb0095], [@bb0125], [@bb0160], [@bb0195], [@bb0205], [@bb0225], [@bb0230]). Within the 8 studies, two were behavioral studies and the other six examined structural MRI characteristics, such as grey matter volume ([@bb0050], [@bb0160]), cortical thickness ([@bb0195], [@bb0230]), surface area ([@bb0230]), white matter density ([@bb0225]), or white matter integrity ([@bb0125]). Although the location of the genotype × diagnosis interaction effect was not the same across these studies, the PCC/PCU was one of the most often reported regions ([@bb0050], [@bb0195], [@bb0230]). This study, for the first time, suggested an interaction effect of genotype × diagnosis in fMRI data and localized it to the PCU. However, due to lacks of detailed information on diagnosis effect within PCC/PCU in the previous studies ([@bb0050], [@bb0195], [@bb0230]) which could indicate the characteristic changes of schizophrenia patients, it is impossible to compare the direction of the interaction effect across different studies directly. It needs to mention that the position of the PCU identified in this study is very close to that of the PCU whose functional connectivity (during the N-back task and resting state) with the hippocampus formation differed significantly by rs1344706 genotype ([@bb0245]).

Because the PCU is one of the most important hubs of the whole-brain network ([@bb0025], [@bb0035], [@bb0110]), it is likely that *ZNF804A* rs1344706 could affect the overall organization of functional communication in the brain network, rather than only the activity of specific brain regions. Such a conjecture would explain the fact that most previous fMRI studies using working memory tasks did not find significant effects of rs1344706 on regional brain activation, but instead found significant effects on functional connectivity ([@bb0060], [@bb0170], [@bb0180], [@bb0245]). It needs to be mentioned that two fMRI studies using a theory-of-mind (ToM task ([@bb0150], [@bb0205]) consistently found significant effects of rs1344706 on the deactivation of PCC/PCU. As a key node of the DMN, the PCC/PCU may contribute to cognitive processing through its functional connections rather than its activation level ([@bb0055], [@bb0130]). In that sense, our finding may help us to understand the above finding from the two fMRI studies using a ToM task ([@bb0150], [@bb0205]). The energy demand of the PCU is very high due to its central role in optimizing overall brain communication ([@bb0030], [@bb0135]). Accordingly, the PCU becomes one of the weakest points within the brain network and is vulnerable to any potential insult. Previous studies found that injuries to the hubs led to greater impairments of the brain\'s overall communication efficiency than did injuries to non-hub regions ([@bb0105]). Taken together, the finding that the risk allele homozygotes had significantly higher degree centrality at the PCU hub suggests that this region would have a higher demand for energy and hence greater susceptibility to dysfunctions including those leading to diseases such as schizophrenia.

In addition to the significant interaction effect of genotype × diagnosis, the PCU also showed a significant diagnosis effect in this study. Briefly, schizophrenia patients showed significantly higher degree centrality at this region than did healthy controls. It seems that schizophrenia risk factors such as the risk allele of rs1344706 could affect the etiology of schizophrenia through the functional connectivity of the PCU. There have been 4 other independent resting-state fMRI studies that found significant differences between patients and controls in degree centrality within PCC/PCU ([@bb0080], [@bb0140], [@bb0215], [@bb0210]). Three previous studies and the current one reported increased degree centrality in PCC/PCU for schizophrenia patients ([@bb0080], [@bb0140], [@bb0215]), but one found decreased degree centrality in schizophrenia patients ([@bb0210]). The discrepancy between these results may have been due to the fact that four studies did not account for the global mean signal ([@bb0080], [@bb0140], [@bb0215]), whereas the fifth one did ([@bb0210]). Indeed, [@bb0215] analyzed their data both ways--with and without accounting for global mean signal --and reported that the elevated degree centrality of PCC in schizophrenia patients was more obvious when global signals were not accounted for than when they were ([@bb0215]). Previously, the global mean signals at the resting-state were presumed to reflect physiological noise and were thus commonly accounted for. However, it is now suggested that such signals may also reflect important neuronal components ([@bb0090]). So it seems more reasonable not to remove the global mean signals when we analyze the fMRI data.

When we subdivided the whole-range degree centrality network according to anatomic distance into long-range and short-range connections, we further found that the significant interaction effect of genotype × diagnosis was limited to short-range connections. The balance between long- and short-range cortical-cortical interactions is important for efficient cortical processing ([@bb0145]). The brain network in children is dominated by short-range connections, but long-range connections become dominant as children mature ([@bb0070], [@bb0065], [@bb0115]). Our result seems to suggest that the brain network of schizophrenia patients who are risk allele homozygotes may be underdeveloped.

The PCU is an important component of the default mode network (DMN). Although the exact reason for the role of the DMN in symptoms of schizophrenia is still unknown, two properties of the DMN give us some hints. First, the DMN is very active when the mind is in a passive state or when the mind is involved in tasks that direct attention away from external stimuli ([@bb0010]). Some researchers have proposed the internal mentation hypothesis that the DMN directly supports internal mentation that is detached from the external world ([@bb0015], [@bb0020]). It is possible that overactive DMN may weaken or even cut off the link between internal mentation and the external world in schizophrenia patients. Second, the DMN is closely connected to brain regions that are active during episodic memory such as the hippocampus ([@bb0120]). When the link between internal mentation and the external world was weakened, patients\' thinking and judgement may rely more heavily on their own memory. As a result, they may produce many self-referential thoughts ([@bb0020]). As reported in one previous study ([@bb0140]), increased short-range functional connectivity at the PCU was associated with increased self-referential thoughts, which could further result in hallucinations. It needs to mention that the DMN is deactivated when performing tasks with high cognitive demands such as the ToM task. Some fMRI studies using a ToM task (to measure the ability to understand other people\'s mental states) have suggested that the significant rs1344706 genotype effect on the deactivation of the PCC/PCU may be due to delusional ideation in schizophrenia patients ([@bb0150], [@bb0205]). In sum, rs1344706 may be linked to symptoms of schizophrenia due to its role in the PCC/PCU-related brain connectivity.

Three major limitations need to be mentioned. First, the size of our patient sample was relatively small. Second, we did not analyze the task fMRI data due to a lack of a consensus on the network analysis methods for task-fMRI data. Finally, the threshold (voxel-level threshold of *P* \< 0.001 and cluster-level family-wise error (FWE) corrected *P* \< 0.05) used in this study may still be too liberal according to [@bb1000]. Therefore, results of this study should be interpreted with caution.

5. Conclusion {#s0055}
=============

To conclude, the current study found significant effects of *ZNF804A* rs1344706 on the degree centrality of an important hub, the PCU. Our results suggest a possible mechanism underlying this genetic polymorphism\'s association with schizophrenia.
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Fig. S1. The main effect of diagnosis across the whole brain in the whole-range degree centrality network using a full factorial ANOVA. Patients showed significantly higher degree centrality than healthy controls in multiple regions, including the PCU.Fig. S2. Mean functional degree centrality maps for each genotype/diagnosis group. The left panels show the mean degree centrality maps within the whole-range network and the right panels show the mean degree centrality maps within the short-range network. Panels A and B are for schizophrenia patients. Panels C and D are for healthy controls.Image 1
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[^1]: Chlorpromazine equivalents.
